The interaction of neptunyl ions (NpO 2 + ) with three picolinic type ligands (L), including the deprotonated picolinic acid anion (PA À ), the deprotonated dipicolinic acid anion (DPA
Introduction
As one of the minor actinides (neptunium, americium, and curium) in spent nuclear fuel (SNF), [1] [2] [3] neptunium (Np) is considered to be one of the major issues in nuclear waste management owing to its high radioactivity and long halflifetime. Np has an electronic conguration of [Rn]5f 5 7s 2 (or [Rn]5f 4 6d 1 7s 2 ) with multiple known oxidation states, i.e. III, IV, V, VI and VII, among which the most stable one in aqueous solutions is the penta-valent state, 4, 5 and predominantly exists as neptunyl cations (NpO 2 + ). The NpO 2 + ion does not form strong complexes with the commonly used ligands and is hard to extract during spent fuel reprocessing. In the development of advanced SNF reprocessing protocols, the efficient separation of Np remains a challenge, and calls for extensive study, from both the experimental and theoretical sides, to shed light on the chemical behavior of Np in the condensed phase.
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In spent nuclear fuel reprocessing using extraction techniques, extractants containing heterocyclic N donors are attractive owing to their compositions of only C, H, O and N, thus being completely incinerable to avoid secondary waste in nuclear waste treatment. The N donor ligands developed in recent years, such as bis(-triazinyl)pyridines (BTPs), 12, 13 bis(triazinyl) bipyridines (BTBPs), [14] [15] [16] bis(triazinyl)-1,10-phenanthrolines (BTPhens), 9, [17] [18] [19] have been considered as promising extractants for minor actinides. These earlier studies mainly focused on the efficient separation of trivalent lanthanides and actinides, and neptunyl was rarely considered due to its weak extractability by organic ligands.
In recent years, Rao et al. [20] [21] [22] [23] [24] [25] [26] and other groups 27,28 conducted a series of experimental studies to evaluate the performance of ligands containing O and N in their binding with neptunyl. These cover the determination of the thermodynamic parameters (stability constants, enthalpy, and entropy) by spectrophotometry and microcalorimetry, and X-ray crystallographic studies of neptunyl complexes with dicarboxylic acids as well as the diamide derivatives, such as oxydiacetic acid (ODA), N,N-dimethyl-3-oxa-glutaramic acid (DMOGA) and, N,N,N 0 ,N 0 -tetramethyl-3-oxa-glutaramide (TMOGA), and 1,10-phenanthrolin-2,9-dicarboxylic acid (H 2 PADA). In their recent work of H 2 PADA, Rao et al. compared 25 it with picolinic acid (HPA) 29 and dipicolinic acid (H 2 DPA), 23 and found that the complexation of neptunyl ions with the tetradentate H 2 PADA ligand is much stronger than with other ligands (HPA and H 2 DPA), and proposed that it could be an excellent extractant in the separation of neptunyl ions. Note that, both H 2 DPA and H 2 PADA, comparing to some other k 3 and k 4 chelating ligands, have preorganized planar structures with their donor atoms, i.e. O and N, aligned on the same side to prepare for the coordination with neptunyl in the equatorial plane, thus save the energy cost that may be needed for the ligands with backbone dihedral freedoms.
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In earlier work, we have reported B3LYP studies on the coordination chemistry and thermodynamics of neptunyl with the ligands of N,N,N 0 ,N 0 -tetramethyl-3-oxa-glutaramide (TMOGA), N,N-dimethyl-3-oxa-glutaramic acid (DMOGA), deprotonated oxydiacetic analog (ODA), and BTPs, BTBPs, BTPhens. 9,31 which show that the denticity of the chelating ligands is key to their interaction with neptunyl. In this work, we extend our study and aim to understand the inuence of denticity of ligands and the importance to consider the combined so-hard donor strategy in developing new types of ligands to extract actinides. For this purpose, we investigated the complexation behavior of NpO 2 + with H 2 PADA and its two picolinic derivatives by using density functional theory method. The geometries of the complexes have been optimized, and the free energy change of ligand exchange processes have been calculated and analyzed to nd the most probable coordination modes of each ligands. To understand the coordination modes and bonding nature of NpO 2 + with these ligands, the quantum theory of atoms-in-molecules (QTAIM) topological analysis, charge decomposition analysis (CDA), and natural atomic orbital (NAO) analysis were carried to reveal the feature of the metal-ligand dative bonds. The results were compared to the experimental data to show that the computational work may complement experimental studies by providing molecular level of details.
Methods
The ligands in experimental studies, 25 HPA, H 2 DPA, and H 2 PADA, as shown in Scheme 1, were used as the prototype models to investigate the complexation of neptunyl ion (NpO 2 + )
with the deprotonated picolinic acid anion (PA À ), the deprotonated dipicolinic acid anion (DPA 2À ), and the 1,10-phenanthrolin-2,9-dicarboxylic acid anion (PADA
2À
). All geometry optimization and frequency calculations were carried out by using the B3LYP functional [32] [33] [34] as implemented in the Gaussian 09 program. 35 Frequency analysis was done for all of the optimized stationary points to identify their nature as minima, and to obtain the thermodynamic parameters (enthalpy (DH), Gibbs free energy (DG), and entropy (DS)), which were used to evaluate the thermodynamic feasibility of the binding process 36, 37 of hydrated neptunyl with the picolinic-type ligands. Two combined basis sets have been used differing in the treatment of C, H, O and N, one with the 6-31+G* (ref. 38) basis set (BS1), which was used for geometry optimization and frequency calculations, and another one with the larger basis set 6-311++G(d,p) (BS2) to rene energies. [39] [40] [41] In both basis sets, the Np atom was treated by a small-core quasi-relativistic effective core potentials (5f-in-valence RECPs) for the 60 core electrons, and the corresponding valence basis set adopted a contraction scheme of (14s13p10d8f6g)/[10s9p5d4f3g] (ECP60MWB basis) [42] [43] [44] to describe the valence shells. The solvent effect of water was taken into account with the polarizable continuum model (PCM).
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GaussView 5.0 program 47 was used for visualization of structures and molecular orbitals. The Multiwfn 3.2 program 48 was used to carry out the quantum theory of atoms-in-molecules (QTAIM) [49] [50] [51] [52] topological analysis to understand the coordination modes and bonding nature of complexes 53 described by ve parameters at the (3, À1) bond critical point (BCP), i.e. the electron density at BCP (r b ), the Laplacian of electron density at BCP (V 2 r b ), the total energy density at BCP (H b ), the delocalization index (d (A,B) ), and the bond ellipticity (3). Charge decomposition analysis (CDA) and natural atomic orbital (NAO) analysis were also done to evaluate the ionic interaction in complex formation and the covalency of the metal-ligand dative bond.
Results and discussion

A. Geometries and relative energies
As shown in Scheme 1, the three ligands differ in their denticities when coordinating to metal ions, which are 2, + , the thermodynamics of the formation of the above-mentioned complexes was evaluated via ligand exchange process to replace the water ligands by corresponding organic ligands. The data are collected in Table  2 .
23,25,29
In Table 2 , the eqn (1) to (6) were used to calculate the thermodynamics for the formation of the neptunyl-PA À complexes with the stoichiometric ratio of Np : L varies from 1 : 1 to 1 : 2 to 1 : 3. It can be seen that the NpL 2 (P2CN and P2NN) complexes is thermodynamically more stable than NpL (P1C and P1N) and comparable with NpL 3 (P3CNN and P3NNN) both in the gas phase (data in ESI †) and in water, suggesting that neptunyl has stronger affinity to PA À than to water ligand, but with an optimal stoichiometric ratio of 1 : 2. Regarding to the coordination mode, with one PA À bound, neptunyl favors the _N mode to benet from both the excess negative charge of the carboxyl group (P1C: d(A,B) ), and the bond ellipticity (3), were used to characterize the interactions between Np and ligands. The values of these descriptors are tabulated in Table 3 and ESI. † In a bare neptunyl ion (N0), for the Np-O yl bond, the electron density r b , the Laplacian of electron density (V 2 r b ), and the total energy density (H b ) at the (3, À1) bond critical point (BCP) were 
[ feature. For these dative bonds, the electronic density r b is close to 0, V 2 r b is positive, and H b z 0, indicating a depleted nature.
The d(A,B) and 3 provides consistent results for the nature of the Np-O yl and the coordination bonds. In the bare neptunyl ion, the delocalization index (d (A,B) ) and the bond ellipticity (3) were calculated to be 2.970 and 0.002 in the gas phase and 2.860 and 0.000 in the aqueous phase, respectively, which suggests a triple bond feature for the Np-O yl bond and is consistent with previous work. 31 The In Fig. 3 , the electron density in the equatorial plane transverse to the axis of neptunyl through Np is shown for the representative complexes complexes (NpO 2 
and the bond lengths of the dative bonds in the plane are also given. The data of Np-O yl for the bare neptunyl are also shown.
In these complexes, the r b of Np-N bond is always smaller than that of Np-O carb , suggesting a larger accumulation of electron density of the latter than the former. This is consistent with their delocalization indices collected in Table 3 .
C. Charge transfer in the complexes
The charge decomposition analysis (CDA) proposed by Dapprich and Frenking, 57,58 and the extended charge decomposition analysis (ECDA) by Gorelsky 59, 60 are used to calculate charge transfer between neptunyl and the ligands upon the ligand exchange. In CDA, the overall reorganization of electronic density is calculated which includes both the contributions of charge transfer (CT) and electronic polarization (PL). These are separated in ECDA, and the transferred charge can be directly
Here we consider the net charge transfer from the ligands to neptunyl in selected complexes by the CDA and ECDA methods at the B3LYP level, and the data are tabulated in Table 4 We note that the charge transfer is also correlated to the coordination mode. According to ECDA results, for each pair of isomers, e.g. P2CN vs. P2NN, P3CNN vs. P3NNN, and D2CN vs. D2CN, the co-presence of the _C and the _N coordination modes causes more charge transfer from ligands to neptunyl. In the complexes with a single organic ligands, i.e. P1C vs. P1N, D1C vs. D1N, and H1C vs. H1N, the latter appears with more charge transfer than the former. These results suggest that the combined hard-so strategy, i.e. the harder O carb and the soer N py , favors to stabilize the complexes with stronger electrostatic interaction between neptunyl and the ligands compared to the other coordination modes. This offers theoretical supports on the combined hard-so strategy to develop extractants with higher selectivity towards the actinides.
19,61,62 D. Molecular orbital (MO) and NAO analysis
The natural atomic orbital (NAO) 63 was analyzed to understand the bonding of NpO 2 + with ligands, and the representative a-spin frontier orbitals of P1C, P1N, D1N and H1W1 are shown in Fig. 4 and their compositions are tabulated in Table 5 . These MOs are mainly contributed by the 2p atomic orbital of the O/N atoms and 5f or 6d atomic orbital of neptunium.
As shown in Fig. 4 , for all of the four complexes, the two singly occupied molecular orbitals (SOMO) are contributed by the Np and the O yl atoms, which is consistent with the observations that the unpaired electrons are localized within the neptunyl moiety indicated by the spin density distribution. For the orbitals that constituted from both the neptunyl and the ligands, it is shown that from P1C to P1N to D1N and H1W1, there is increasing orbital overlap from these fragments, suggesting stronger ionic feature in P1C while more covalency in the other complexes. This indicates that the excess stabilization brought by _N coordination mode (P1N, D1N, and H1W1), compared to the _C mode (P1C), may be contributed by the enhanced covalent interaction between the neptunyl and the ligands.
As listed in Table 5 between the calculated and the experimentally derived ones, Fig. 6 The relative electronic energies of NpO 2 + complexes calculated using basis set BS1 and larger basis set BS2 in the gas phase and aqueous phase. which may be due to the treatment of the model systems in this work, e.g. the insufficient sampling of the model systems, the implicit treatment of solvent effect, and the omitting of the counterion effect. This makes it hard to make a direct comparison between them, and molecular dynamic simulations at rst-principle level are needed which is beyond the scope of this work. The energies were rened by using more sophisticated treatment (BS2) of the atoms where a larger basis set 6-311++G(d,p) was used for the atoms except for Np, and the results were plotted in Fig. 6 . The data show that for the three ligands, when they form complexes with neptunyl with the same stoichiometric ratio, higher denticity brings more stabilization energy, i.e. the stability of the complexes decrease in the order of PADA 2À > DPA 2À > PA À . This trend is consistent with the data from the calculations at the B3LYP/BS1 level, and agrees with the reported experimental observations.
Conclusions
In the present work, we report a DFT study of the interactions between neptunyl ion (NpO 2 + ) and the deprotonated 1,10-phenanthrolin-2,9-dicarboxylic acid anion (PADA
2À
). Its analogs, the deprotonated picolinic acid anion (PA À ) and dipicolinic acid anion (DPA 2À ), were also investigated and compared. The geometries, thermodynamics of the complexation reactions, and the electronic structures of the complexes were analyzed to evaluate the coordination modes and stoichiometry ratio of neptunyl ion with ligands. The calculations indicate that the coordination of NpO 2 + to tetradentate chelators is more favorable than that to tridentate and bidentate ones, and the coordination ability of three deprotonated ligands follows the order: PADA 2À > DPA 2À > PA À . The QTAIM analysis showed that the metal-ligand interactions have strong ionic feature. In addition to the QTAIM analysis, the charge decomposition analysis (CDA) and extended charge decomposition analysis (ECDA) were performed to quantify the charge donation and back-donation between the metal and ligand fragments in complexes. For Np : L ¼ 1 : 1 type complexes, the net charge transfer from the ligands to neptunyl decreases in the order of PADA 2À > DPA 2À > PA À > H 2 O, which is in good agreement with the relative thermodynamic stabilities of the corresponding complexes. The natural atomic orbital (NAO) analysis revealed that the 5f orbitals of Np participated in the metal-ligand dative bond and contribute to its covalency. In summary, our calculations show that the denticity of ligand and the combined hard-so donor strategy work cooperatively in the coordination of Np with ligands, which should be taken into account in the rational design of new type of extractants for the separation of Np.
